A new temperate bacteriophage (phage '1) of Agrobacterium tumefaciens strain B91 is described. Many octopine-utilizing strains of A. tumefaciens harbor prophage 4 or a phage that is similar if not identical to it. This phage has a very narrow host range, and we found that its growth is strongly reduced in strains which carry an octopine pTi plasmid. When sensitive bacteria are infected with 4, 1 to 3% of the survivors carry mutations on the chromosome, as well as on the pTi plasmid. This phenomenon appears to be a direct consequence of lysogenization. The possible mechanisms whereby such 14-induced mutations occur are discussed. The first lysogenic system described in Agrobacterium tumefaciens involved temperate phage omega, which was isolated from strain B6 (1). Later, several other reports (3, 16, 25) described the occurrence of temperate phages in a wide variety of A. tumefaciens strains. All of these phages had similar morphological, biological, and biophysical properties and the same immunity.
1 to 3% of the survivors carry mutations on the chromosome, as well as on the pTi plasmid. This phenomenon appears to be a direct consequence of lysogenization. The possible mechanisms whereby such 14-induced mutations occur are discussed.
The first lysogenic system described in Agrobacterium tumefaciens involved temperate phage omega, which was isolated from strain B6 (1) . Later, several other reports (3, 16, 25) described the occurrence of temperate phages in a wide variety of A. tumefaciens strains. All of these phages had similar morphological, biological, and biophysical properties and the same immunity.
In 1975, using electron microscopy, Vervliet et al. (22) demonstrated the occurrence of "phage-like particles" or "defective phages" in mitomycin C-treated cultures of strains B6-806, B6S3, B2As, and CV1. All of these particles were morphologically identical. The particles released by strain B6-806 were shown to contain a DNA molecule which had a molecular weight of 25.2 x 106. Hybridization by the heteroduplex method revealed no homology between this DNA and that of phage Ql.
We report here that the phage released by the strains mentioned above is not defective and is harbored by several other octopine-utilizing strains of A. tumefaciens. This phage is not related to Ql, and we have called it phage 4. We describe the general characteristics of this temperate phage and demonstrate that it has two unusual properties. First, it frequently induces mutations in its host during lysogenization; and second, its growth is inhibited in strains which carry an octopine pTi plasmid.
MATERIALS AND METHODS
Strains and media. The bacterial strains used in this work are described in Tables 1, 2 , and 5. Phages Ql and * were obtained from lysates produced by UV induction of strains B6 and B91 (Table 2) , respectively. The following media were used. Nutrient broth (NB) contained 8 g of Merieux nutrient broth per liter, 5 g of NaCl per liter, and 5 g of glucose per liter. Minimal medium (MM) contained 2 g of (NH4)2SO4 per liter, 6 g of KH2PO4 per liter, 14 g of K2HPO4 per liter, 1 g of trisodium citrate per liter, 0.2 g of MgSO4-7H2O per liter, and 5 g of glucose per liter. When necessary, Lamino acids (100 ,ug/ml), bases (100 ,ug/ml), or vitamins (50 ,ug/ml) were added. The synthetic media used for assays of catabolic pTi functions (19) contained 13.6 g of KH2PO4 per liter, 0.2 g of MgSO4-7H2O per liter, 0.005 g of FeSO4 per liter, 0.01 g of CaCl2 per liter, 0.002 g of MnCl2 per liter, and 2 g of glucose per liter; the nitrogen source was (NH4)2SO4 (2 g/liter) for SM medium, arginine (0.1 g/liter) for ASM medium, or octopine (0.3 g/liter; a gift from J. Tempd) for OSM medium. The pH of each of these media was adjusted to 7.2. For pTi plasmid transfer, glucose was omitted, and octopine (2 g/liter) was used as the carbon and nitrogen source (14) . When required, the media were solidified by using Merieux agar (16 g/liter for plates and slants and 6 g/liter for soft overlays). When necessary, the following antibacterial drugs were added to the media: 500 pLg of streptomycin per ml, 500 ,ug of spectinomycin per ml, and 50 jig of rifampin per ml.
Except when specified otherwise, all incubations were carried out at 27°C.
Preparation of phage stocks. A 30-ml culture of the permissive strain growing logarithmically (absorbance at 600 nm, 0.25) in NB was inoculated with a single plaque picked with a Pasteur pipette. After 12 h of incubation at 27°C, chloroform was added, the culture was centrifuged, and the resulting supernatant was filtered with a membrane filter (0.45 ,um; Millipore Corp.). The phage stock was kept over a chloroform phase.
Induction of a lysogenic strain. Lysogenic cells were grown in NB, harvested by centrifugation in early log phase (absorbance at 600 nm, 0.25), washed, and suspended in Tris buffer (10 mM Tris-hydrochloride, 10 mM MgSO4, pH 7.2) to a density of 5 x 107 cells per ml. A 5-ml sample of this suspension was irradiated with a General Electric model G8T5 germicidal lamp.
The energy was measured with a Latarjet dosimeter.
The irradiated suspension was supplemented with 0.5 ml of 10-fold-concentrated NB and incubated for 12 h with shaking in a dark room. Chloroform was then Table 2 . b The strains were analyzed for the presence of plasmids by the method of Casse et al. (7) . pTi and pAt are specific plasmids of A. tumefaciens strains. In strains B91 and B6-806 both of these plasmids have a molecular weight of approximately 125 x 106. pTi is a tumor-inducing catabolic plasmid (octopine or nopaline catabolism), and pAt is a cryptic plasmid (2, 17, 21, 23, 24) . In addition, all of these strains harbor the large cryptic 270-megadalton plasmid which was found to be present in several A. tumefaciens strains by Casse et al. (7) . c Rifr, Strr, and Spcr, Rifampin, streptomycin, and spectinomycin resistance, respectively. added, and the lysate was centrifuged and filtered as described above.
Prophage curing. Two methods were used. In the first method, the lysogenic strain was UV irradiated as described above. The irradiated cells were harvested by centrifugation, suspended in NB containing antiphage serum (obtained from J. F. Vieu, Institut Pasteur), and incubated at 37°C with shaking. After growth to stationary phase, the cells were harvested by centrifugation, washed, and suspended in NB. Suitable dilutions were plated onto NB agar for isolation of cured clones.
In the second method, the lysogenic strain was grown in NB and infected with 4 during the logarithmic phase by using varying multiplicities of infection (10 to 100 PFU/bacterium). After 30 min of incubation, the infected cells were harvested by centrifugation, suspended in NB containing anti-phage serum, and incubated at 27°C with shaking. When the culture reached the stationary phase, the bacteria were collected by centrifugation, washed, and suspended in Tris buffer. Suitable dilutions were plated onto NB agar for isolation of cured clones.
Determination of adsorption rates. Bacteria growing exponentially in NB were washed and resuspended in NB at a density of 108 cells per ml. Then they were infected with phage 4' at a multiplicity of infection of 0.1. The suspension was incubated for 30 min at 27°C and centrifuged. Suitable dilutions of the supernatant were plated by using the overlay method for determining the unadsorbed phage.
Test for lysogeny. Spontaneous phage release was determined by replica-plating immunity, and sensitivity to phage was determined by spotting loopfuls of varying dilutions of a phage lysate onto a soft agar overlay seeded with the culture to be tested. Isolation and characterization of auxotrophic mutants. Sensitive cells grown in NB were infected with 4 at a multiplicity of infection of 1 to 5, incubated for 12 h, harvested by centrifugation, and plated onto NB agar. Under these conditions, approximately 50% of the surviving bacteria were lysogens. The colonies were replicated onto MM agar and NB agar successively. The auxotrophic mutants were distinguished from the prototrophs by their inability to grow on MM agar. After a second isolation, the mutant clones were characterized by replica-plating or streaking onto MM agar containing various growth factors.
Transfer of the pTi plasmid by conjugation. The pTi octopine donor strain was grown in octopine conjugation medium. When the culture reached an absorbance of 600 nm of 0.4 to 0.5, it was mixed with a culture of a recipient strain growing exponentially in SM medium. The proportion was five donor cells per recipient cell. After 1 h of incubation without shaking, varying dilutions of the bacterial mixture were plated onto octopine conjugation medium containing streptomycin, spectinomycin, and rifampin. After 1 week of incubation, the plates were scored for octopine-catabolizing transconjugants (Occ+) by streaking onto OSM agar supplemented with antibiotics. As a control, a culture of the donor strain was spotted onto OSM agar containing antibiotics.
Tumorigenicity test. Virulence assays were carried B6S3 Schell
Camus -
A. tumefaciens nopaline strains T37 Ricker Phage ij seemed to have a very restricted host since they all harbored a 4 prophage. As for the range. It failed to yield plaques on any of the other strains, they were not able to adsorb the strains tested (Table 2 ). This was not surprising phage. The only sensitive host for phage q; was for the octopine-utilizing A. tumefaciens strains the strain which allowed its discovery, strain One-step growth experiments were performed with VBC001 and some partially sensitive strains which carried the pTi plasmid. As Fig. 2 shows, the partially sensitive strains did produce significant amounts of phage, but the final yield was only 2% of the yield in VBC001.
Induction of phage 4, as measured by the appearance of infective centers in lysogenic bacteria was also affected by the presence of the pTi plasmid (Table 3 ). In plasmid-free strains or in a strain carrying the pAt plasmid, about 10% of the cells spontaneously yielded infective centers, and this value could be increased to 100% by irradiating the cells with UV light (300 ergs/ B -J7. To investigate the possibility that the apparent mutagenic effect of phage in fact might have resulted from the selective lysogenization of preexisting mutants, we used the conditions for lysogenization described by Taylor (20 Asp-Pdx-Chol-, His-Pro-, Thi-, Gly- Gly-Thi-, Asp-Ile-, llv-Hyp-, Ile-TrpControl 1,000 0 a The phenotypes indicated are the phenotypes which could be characterized. For the other auxotrophic clones, the multiplicity of the requirements, the leakiness, and the instability of the mutations complicated characterization. The designations used are those recommended by B. Bachmann, except for Chol, Hyp, Nic, and Thio (choline, hypoxanthine, nicotinic acid, and thiosulfate, respectively). mutations on the pTi plasmid. We looked for any alteration of the following two genetic traits carried by this plasmid: the ability to catabolize octopine (Occ+ phenotype) (2, 16) and the ability to induce tumors in plants (Vir+ phenotype) (21, 24) . Before infection, strain VBC004 was subcultured three times in a synthetic medium containing octopine as the sole nitrogen source. Lysogenization was carried out by direct spreading onto NB agar, as described above. Of the 500 colonies tested, 6 contained some percentage of Occ-mutants. No colony composed of mutants exclusively was observed. The search for Vir-mutants was performed as follows. A total of 100 colonies from the original lysogenization plate were reisolated, and 100 clones, each stemming from a different isolate, were tested for the ability to induce tumors on tobacco plants. Two Vir-mutants were obtained in this way. The six Occ-and two Virmutants were all lysogenic for phage 'p. Two of the six Occ-strains were Vir-and in fact had lost the pTi plasmid. Two others were unable to use either arginine or octopine as a nitrogen source. This phenotype (Arc-) resulted from chromosomal mutations (10) . The last two Occstrains still contained the pTi plasmid, were able to grow on arginine as a nitrogen source, and therefore almost certainly carried mutations in the pTi plasmid. The two mutants isolated as Vir-were still Occ+. They were expected to carry a mutation on the pTi plasmid. However, conjugation experiments devised to test this possibility gave ambiguous results. About 10% of the Occ+ transconjugants were indeed Viras expected, and the others were virulent. The Vir-character is probably carried by the pTi plasmid since it can be transferred with this plasmid, but the high reversion of this character during conjugation remains to be explained.
Reversion of *-induced mutations. The stability of the mutants was highly variable. With very few exceptions, all auxotrophic markers, taken separately when coexisting in a same strain, spontaneously reverted to prototrophy, with frequencies ranging from 10-3 to 10-8 (Table 5) .
Reversion frequencies could not be estimated for the Vir-character, but a few Vir+ revertants spontaneously accumulated in some cultures of strain VBC206. All of the prototrophic or Vir+ revertants tested still contained prophage *.
Conversely, we investigated whether prophage curing might be accompanied by reversion of the mutations (Table 5 ). Of the 10 mutants tested, 2 could not be cured. Three clones were cured at a very high frequency and concomitantly had reverted to a wild-type phenotype. The five remaining mutants were cured at a low frequency, and generally the cured clones retained the mutant phenotype. In these cured clones, the mutations reverted at the same frequency as they did before curing. VBC009 Prototroph 5 x 10-4 a All of the revertants tested were still lysogens. b Curing was performed by UV irradiation, followed by subculturing at 37°C. c No revertants means that the cured clones had the same phenotype as the original mutant. When revertants were found, they had the same phenotype as the nonlysogen from which the mutant had been derived.
d ND, Not determined. DISCUSSION A. tumefaciens strain B91 harbors a prophage which we called psi. The active phage particles which are released by B91 spontaneously or after UV induction have a very narrow host range. The only sensitive hosts which we could identify among various strains of A. tumefaciens were derivatives of B91 which had lost both the 4, prophage and the pTi plasmid. Several factors appear to limit the host range of phage 4,. First, most of the octopine-utilizing strains of A. tumefaciens are immune to 4, because they harbor a prophage which is very similar, if not identical to it. Second, as discussed below, the octopine pTi plasmid inhibits the development of phage 4,. Finally, many strains of A. tumefaciens, A. radiobacter, A. rubi, and A. rhizogenes are not able to adsorb the phage. Among the strains harboring 4 or a 4,-related prophage was B6-806, which had been shown previously to release "phage-like particles" (22) . These particles were almost certainly phage 4,, for which no sensitive host was known at the time.
The production of 4, particles is strongly reduced in cells which harbor the pTi plasmid. This effect is observed after induction, as well as after infection, and therefore presumably concerns the intracellular development of the phage rather than its adsorption or the injection of its DNA. Examples of plasmids that inhibit phage growth are not unusual (8, 9, 12, 18, 26) . The gene(s) responsible for inhibiting 4 growth could be useful in the genetic analysis of plasmid pTi. Mutations that probably affect the gene(s) in question were obtained during the course of this work. Indeed, when pTi was transferred by conjugation from a 4 lysogen into a plasmidfree, nonlysogenic strain, about 10% of the Occ+ transconjugants were more sensitive to 4, than is usual in a strain harboring pTi. Therefore, the plasmid present in these transconjugants had been altered in its ability to prevent 4 growth. The frequency at which such alterations occurred was obviously quite high for a mutational event. However, the appearance of 4,-sensitive transconjugants was observed only when the donor was a *4 lysogen. Therefore, it is possible that the alterations were induced by 4, which is mutagenic (see below) and may preferentially alter plasmid genes during conjugation.
In the experiments described above, about 5% of the transconjugants which received pTi also acquired a 4, prophage. This was not due to infection of the transconjugants by phage released by the donor, since the same phenomenon occurred when the recipient was 4 resistant. One interpretation of this result is that the prophage was integrated in the pTi plasmid of the donor strain and was induced at a high frequency during conjugal transfer. Alternatively, it is possible that prophage 4 exists as a plasmid and can be mobilized by pTi during conjugation. This question of the state of the prophage inside the cell, which is still unsolved, is intimately related to the question of the mechanism whereby 4 induces mutations in the DNA of its host.
When cultures of the sensitive host were infected with 4, 1 to 3% of the survivors carried auxotrophic mutations. The mutants were all 4 lysogens, and each one carried a different mutation, which could be located on the chromosome or on the pTi plasmid. This phenomenon is very reminiscent of the phenomenon observed upon infection of Escherichia coli with bacteriophage Mu (20) . In fact, since Mu was recently shown to infect A. tumefaciens (14) , we might have wondered whether 4, was not actually Mu. This is clearly not the case. Indeed, *4 does not grow in E. coli, its morphology is different than that of Mu (Fig. 1) , and the restriction patterns of 4, and Mu DNAs are very different (unpublished data). Even though 4, is different from Mu, it might still have mutagenized by the same process (i.e., by integrating its chromosome more or less randomly into host DNA). However, the characteristics of 4-induced mutations in A. tumefaciens differ in several respects from those of Muinduced mutations in E. coli. The former are often leaky and revert at detectable, if not very high, frequencies, whereas the latter are usually very tight and do not revert readily (5, 6, 13) . Revertants of Mu-induced mutations have been obtained in two steps; the first step is the appearance of the so-called "X mutations" on the prophage (4). The revertants obtained in this way always have lost the Mu prophage. This was not the case with the revertants of 4,-induced mutants, which were still lysogens. Finally, 4-induced mutants often retained the mutant phenotype after they were cured of their prophage. Since these cured derivatives still reverted at the same frequency, they had not acquired a deletion which might have resulted from prophage curing. These results indicate that the mutagenic effects of 4, and Mu may not have the same cause. The mutations induced by 4 may result not from the insertion of 4, DNA into various genes but from the action of a diffusible product encoded by the 4 genome. This would account for all of the observations reported here but one, namely, that prophage curing was sometimes accompanied by reversion to a wild-type phenotype. The hypotheses required to explain this fact, as well as other facts, would be very speculative. For instance, it is possible that 4 carries a transposable element which can be transposed with or without a gene that controls its excision. Further understanding of the mutagenic effect of 4 will require a study of the state of the prophage inside cells. Such work is in progress.
